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In this paper we calculate the next-to-leading-order (NLO) corrections to ρ-meson elec-
tromagnetic form factors by employing the kT factorization approach. We find that the NLO
correction to Fi(Q
2)(i = LT, TL) is around 30% of the leading-order (LO) contribution in
the region Q2 > 2GeV 2. The NLO correction to FLL(Q
2) is close to 20% of the LO one
in the region Q2 > 3GeV 2. The NLO radiative corrections to the electric, magnetic, and
quadruple form factors Fj(Q
2)(j = 1, 2, 3) are sizeable in magnitude and agree with those
from other approaches.
PACS numbers: 11.80.Fv, 12.38.Bx, 12.38.Cy, 12.39.St
I. INTRODUCTION
The form factors, as the important nonperturbative observables in hadron physics, are essen-
tial for studying the structure of various hadrons. For light meson, their electromagnetic and
transition form factors have been studied extensively due to their significance in phenomenology.
Over the past decades, the collinear and kT factorization for light meson form factors have been
demonstrated [1–6] and calculated[7–10] based on the Perturbative QCD (PQCD) factorization
approach. For the pseudoscalar mesons such as the pion, the form factors are well understood up
to NLO accuracy [7, 8]. For the vector mesons, however, the situation is rather different. For the
ρ meson, for example, the NLO correction to its electromagnetic form factor in kT factorization
is still absent now. In early years, the NLO correction to ρ-meson electromagnetic form factors
have been investigated by employing the QCD sum rules[11], and the light cone sum rules[12],the
light-front quark model [13], lattice calculate [14] and so on. In this paper, we will calculate the
NLO correction to the ρ-meson electromagnetic form factors associated with the process ργ∗ → ρ
in the framework of the kT factorization approach.
A modified perturbative QCD approach based on the kT factorization, named as the PQCD
approach [18–24], was proposed two decades ago and has been successfully applied for many
exclusive processes, such as the calculations of some transition form factors [25], the two body and
three body decays of B meson [26–30], the production of light mesons in colliders [31] and so on.
By introducing a small transverse momentum kT , the infrared divergences could be regulated in
both the full QCD Feynman diagrams and the effective diagrams. Both the large double logarithms
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2could be absorbed by the resummation technology. The light-cone singularities are regularized
by rotating the Wilson lines away from the light cone [32, 33]. The physical amplitudes then
can be written as the convolution of the universal nonperturbative hadron wave functions and
a hard scattering kernel. For the ρ meson electromagnetic form factor, its NLO hard kernel is
defined as the difference between the full QCD Feynman diagrams and the corresponding effective
ones in kT factorization theorem. In the transition process, the collinear divergence from gluon
emission in the quark diagrams are cancelled by those divergences in the ρ effective wave function,
and the soft divergences will be canceled by summing over all quark diagrams, which ensured
by the KLN theorem [34, 35]. Then we can derive the infrared-safe kT -dependent NLO hard
kernel for ρ-meson electromagnetic form factors in the kT factorization approach, which setting
the renormalization and factorization scales as the internal hard scale.
This paper is organized as follows. In Sec. II, we calculate the O(α2s) QCD quark diagrams,
and effective diagrams for rho wave function, and then derive the NLO hard kernel for its electro-
magnetic form factor. Numerical results are performed in Sec. III. Sec. IV contains the conclusion.
II. THEORETICAL FRAMEWORK
In this section we consider the NLO gluon radiative corrections to the rho meson electromag-
netic form factors in the framework of the kT factorization. The moment of initial-state (final-state)
ρ meason is defined in the light-cone (LC) coordinate as,
p1 =
Q√
2
(1, r2ρ, 0), p2 =
Q√
2
(r2ρ, 1, 0), (1)
where Q2 = 2P1 · P2 is the momentum transfer squared from the virtual photon, and the dimen-
sionless factor r2ρ is r
2
ρ ≡ M2ρ/Q2. The anti-quark in initial and final pion carries momentum
k1 = (x1p
+
1 , 0,k1T) and k2 = (0, x2P
−
2 ,k2T), respectively, kT represents the transversal momen-
tum, and x is parton momentum fraction. The polarization vectors of the initial and final ρ meson
are also defined as,
ǫ1µ(L) =
1√
2rρ
(1,−r2ρ, 0T), ǫ1µ(T ) = (0, 0, 1T),
ǫ2µ(L) =
1√
2rρ
(−r2ρ, 1, 0T), ǫ2µ(T ) = (0, 0, 1T). (2)
The LO quark diagrams are shown in Fig. 1. We focus on Fig. 1(a) only, since the contribution
from other three diagrams can be obtained from the exchanging symmetry between Fig. 1(a) and
Figs. 1(b-d).
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FIG. 1. The leading order Feynman diagrams for ργ⋆ → ρ process.
The related meson wave functions are written as in Refs. [15, 16],
〈0|u¯(0)jd(z1)l|ρ−(p1, ǫ1T )〉 = 1√
2NC
∫ 1
0
dx1e
ix1p1z1
{
p/1ǫ/1Tφ
T
ρ (x1) +mρǫ/1Tφ
v
ρ(x1)
+mρiǫµνρσγ
µγ5ǫ
ν
1Tn
ρvσφaρ(x1)
}
lj
, (3)
〈0|u¯(0)jd(z1)l|ρ−(p1, ǫ1L)〉 = 1√
2NC
∫ 1
0
dx1e
ix1p1z1
{
Mρǫ/1Lφρ(x1) + ǫ/1Lp/1φ
t
ρ(x1)
+Mρφ
s
ρ(x1)
}
lj
, (4)
〈ρ+(p2, ǫ2T )|u¯(z2)jd(0)l|0〉 = 1√
2NC
∫ 1
0
dx2e
ix2p2z2
{
ǫ/2Tp/2φ
T
ρ (x2) +mρǫ/2Tφ
v
ρ(x2)
+mρiǫµνρσγ5γ
µǫν2Tn
ρvσφaρ(x2)
}
lj
, (5)
〈ρ+(p2, ǫ2L)|u¯(z2)jd(0)l|0〉 = 1√
2NC
∫ 1
0
dx2e
ix2p2z2
{
Mρǫ/2Lφρ(x2) + p/2ǫ/2Lφ
t
ρ(x2)
+Mρφ
s
ρ(x2)
}
lj
, (6)
where φρ and φ
T
ρ denote the twist-2 distribution amplitudes (DAs), φ
s/t
ρ and φv,aρ are twist-3 DAs,
light-like vectors n = (1, 0, 0T ) and v = (0, 1, 0T ), Nc is the number of colors.
In small x region , our calculation is based on the following hierarchy of the energy scales [42],
Q2 ≫ x1Q2 ∼ x2Q2 ≫ x1x2Q2 ≫ k21T ∼ k22T . (7)
The NLO hard kernelH(1) is defined by taking the difference between the full amplitude and the
effective diagrams, where the wave functions in the latter one absorb all infrared (IR) divergence
4at a certain order of strong coupling,
H(1)(x1, k1T , x2, k2T , Q
2) = G(1)(x1, k1T , x2, k2T , Q
2)
−
∫
dx
′
1d
2k
′
1T Φ
(1)
I (x1, k1T ;x
′
1, k
′
1T )H(0)(x
′
1, k
′
1T , x2, k2T , Q
2)
−
∫
dx
′
2d
2k
′
2T H(0)(x1, k1T , x
′
2, k
′
2T , Q
2)Φ
(1)
F (x2, k2T ;x
′
2, k
′
2T ). (8)
where G(1) denotes the NLO quark diagrams associated with Fig. 1(a), Φ
(1)
I/F presents the O(αs)
effective diagrams for initial (final) quark-level wave function, and H(0) is the LO hard kernel.
1. Full amplitudes at NLO
The full amplitudes of QCD diagrams for the NLO corrections to Fig. 1(a) include the self-
energy correction, the vertex correction and the box and pentagon correction, as shown in Fig. 2,
Fig. 3 and Fig. 4, respectively. We firstly define the dimensionless ratios
δ1 =
k21T
Q2
, δ2 =
k22T
Q2
, δ12 =
−(k1 − k2)2
Q2
. (9)
The collinear divergences are both regulated by logarithms ln δ1 and ln δ2, while their overlap
singularity (the soft divergences) is regulated by double logarithms ln2 δ1 and ln
2 δ2.
We only focus on the NLO correction to Fi(Q
2) (i = LL, TL, LT ), which include the FLL22
( proportional to the term φρ(x1)φρ(x2)), FTL23 ( proportional to the term φ
T
ρ (x1)φ
s
ρ(x2)) and
FLT23 ( proportional to the term φρ(x1)(φ
v
ρ(x2) + φ
a
ρ(x2)) ). Fortunately, the structure of the NLO
correction to FLL22 is the same one as that to pion electromagnetic form factor at leading twist
[42]. And the NLO correction to FTL23 has similar behavior with the rho pion transition form
factor [10]. So, here we can only pay close attention to the NLO correction to FLT23.
a b c
d e f
g h i
FIG. 2. Self-energy corrections to Fig. 1(a).
5By analytic evaluations of the one-loop Feynman diagrams as shown in Fig. 2(a-i), we find the
self-energy corrections of the external (internal) quark and hard gluon:
G
(1)
2a+2b+2c+2d = −
αsCF
4pi
[
2
ε
+ ln
4piµ2
δ1Q2eγE
+ ln
4piµ2
δ2Q2eγE
+ 4
]
H(0) , (10)
G
(1)
2e = −
αsCF
4pi
[
1
ε
+ ln
4piµ2
x1Q2eγE
+ 2
]
H(0) , (11)
G
(1)
2f+2g+2h+2i =
αsCF
4pi
(
5
3
Nc − 2
3
Nf )
[
1
ε
+ ln
4piµ2
δ12Q2eγE
+ 2
]
H(0) , (12)
where 1/ε is the ultraviolet pole, µ is the renormalization scale, γE is the Euler constant and Nf
is the number of quark flavors. The collinear divergences from gluon collimated to the initial-state
(final-state) external quark in Fig. 2(a-d) are regularized into infrared logarithms in ln δ1 (ln δ2).
The correction of internal quark is regularized into ln x1Q
2 in Fig. 2(e), since it is off-shell by
the invariant mass squared x1Q
2. Analogously, the self-energy correction to the hard gluon is
regularized into ln δ12 in Fig. 2(f-i).
a b c
d e
FIG. 3. Vertex corrections to Fig. 1(a).
By the same way, we derived the results for the vertex corrections as shown in Fig. 3(a-e) :
G
(1)
3a =
αsCF
4pi
[
1
ε
+ ln
4piµ2
Q2eγE
− (2 ln δ1 + 1) ln x1 − pi
2
3
+
3
2
]
H(0) , (13)
G
(1)
3b = −
αs
8piNc
[
1
ε
+ ln
4piµ2
x1Q2eγE
+ 3
]
H(0) , (14)
G
(1)
3c = −
αs
8piNc
[
1
ε
+ ln
4piµ2
δ12Q2eγE
+ 3
]
H(0) , (15)
G
(1)
3d =
αsNc
8pi
[
3
ε
+ 3 ln
4piµ2
δ12Q2eγE
+ ln
δ12
δ1
+ ln
δ12
δ2
+ 3
]
H(0) , (16)
G
(1)
3e =
αsNc
8pi
[
3
ε
+ 3 ln
4piµ2
x1Q2eγE
+ ln
x1
δ2
+ 2 ln
x1
δ12
− 2 ln x1
δ2
ln
x1
δ12
− 2
3
pi2 +
1
2
]
H(0) . (17)
The NLO correction G
(1)
3a contains the infrared logarithm ln δ1 and ln x1 only, since the end of
radiative gluon are attached to initial-state external quark line and internal quark line in Fig. 3(a).
The correction G
(1)
3b (G
(1)
3c ) to the upper (lower) gluon vertex have no infrared logarithms, because
6the sequence of γ-matrices in the fermion flow. The triple-gluon vertex correction G
(1)
3d contains
the term ln(δ12Q
2) with the LO hard gluon invariant mass squared δ12Q
2. There are two infrared
logarithms ln δ1 and ln δ2 coming from the gluon collinear with the incoming and outgoing quark
lines. For Fig. 3(d), there always exist a hard gluon at leading order and no overlap of collinear
divergence which may cause the soft divergence (double log). Another triple-gluon vertex correc-
tion G
(1)
3e , the same as G
(1)
3a in Fig. 3(a), involves only infrared logarithm ln δ2 and ln x1. Unlike
the case for Fig. 3(d), there is only infrared logarithm ln δ2 in Eq. (17), which is mainly induced
by the structure of hard gluon restricting the additional gluon being attached to the final up quark.
We sum up all the UV terms in the self-energy and vertex corrections into αs(11 − 2Nf/3)/4π,
which agree with the universality of the wave function as given in Ref. [42].
a b c
d e f
FIG. 4. Box and pentagon corrections to Fig. 1(a).
The corrections from the box and pentagon diagrams in Fig. 4 are free from the ultraviolet
divergence, and can be written in the following forms
G
(1)
4a = −
αsNc
8pi
[ln δ1 − 1]H(0) − αsNc
8pi
[ln δ2 − 1] H¯(0) , (18)
G
(1)
4c = 0 , (19)
G
(1)
4e =
αs
4piNc
[
ln δ1 ln δ2 + ln δ1(1− lnx1)− lnx1 + pi
2
6
− 1
]
, (20)
G
(1)
4f = −
αs
4piNc
[
ln
δ12
δ1
ln
x1
δ2
+ ln
δ12
δ2
+
pi2
6
]
H(0) , (21)
where H¯(0) is the other LO hard kernel, which is induced by the singular gluon attaches to the
final-state quark lines.
H¯(0)(x1, k1T , x2, k2T , Q
2) = −16piCFM
2
ραs
3
φρ(x1)[φ
v
ρ(x2) + φ
a
ρ(x2)]
(p1 − k2)2(k1 − k2)2 . (22)
Here we have to point out that the Fig. 4(a-c) also have the contributions to this LO hard kernel
Eq. (22). The correction G
(1)
4c does not have any infrared logarithms, because the γ-matrices of the
gluon vertex here would give a suppress by power counting. The contributions from the reducible
diagrams, Fig. 4 (b) and 4(d), which are power-suppressed at small x, can be canceled by the
relevant effective diagrams. The corrections of Fig. 4(e) and Fig. 4(f), with the soft radiative gluon
attaching to the incoming and outgoing quark lines, both involve the soft logarithm ln δ1 ln δ2, and
also cancel with each other.
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(f) (g) (h) (i) (j)
FIG. 5. The effective diagrams for the initial ρ meson wave function.
Then we sum over all the NLO contributions from the LO quark diagrams and find the result
G(1) =
αsCF
4pi
[1
ε
+ ln
4piµ2
Q2eγE
− 2(ln δ1 + ln δ2).− 2(lnx1 ln δ1 + lnx2 ln δ2)
−9
8
lnx1 − 15
8
ln δ12 +
9
4
lnx1 lnx2 +
63
8
+
3
16
pi2
]
H(0) , (23)
for Nf = 6.
2. Effective diagrams at NLO
In this part we calculate the effective diagrams in terms of the convolution of NLO initial(final)
meson wave functions and LO hard kernel,
Φ(1)ρ ⊗H(0) ≡
∫
dx′1d
2
k
′
1T Φ
(1)
ρ (x1,k1T ;x
′
1,k
′
1T )H(0)(x′1,k′1T ;x2,k2T , Q2),
H(0) ⊗ Φ(1)ρ ≡
∫
dx′2d
2
k
′
2T H(0)(x1,k1T ;x′2,k′2T , Q2)Φ(1)ρ (x2,k2T ;x′2,k′2T ), (24)
and the O(αs) effective diagrams for the quark-level wave function of ρ meson can be defined as
Φρ(x1, k1T ;x
′
1, k
′
1T ) =
∫
dy−
2pi
d2yT
(2pi)2
e−ix
′
1p
+
1
y−+ik
′
1T
·yT
·〈0|q¯(y)γLv/W †y (n1)In1;y,0W0(n1)q(0)|u¯(p1 − k1)d(k1)〉 , (25)
Φvρ(x
′
2, k
′
2T ;x2, k2T ) =
∫
dz+
2pi
d2zT
(2pi)2
e−ix
′
2p
−
2
z++ik
′
2T
·zT
·〈0|q¯(z)γTW †z (n2)In2;z,0W0(n2)q(0)|u¯(p2 − k2)d(k2)〉 , (26)
8where y = (0, y−,yT) and z = (z
+, 0, zT) are light cone coordinates of the anti-quark field.
The Wilson line operator Wy(n1)(Wz(n2)) with the choice of n
2
1 6= 0 (n22 6= 0) to regularize the
light-cone singularities can be written as
Wy(n1) = P exp
[
−igs
∫ ∞
0
dλn ·A(y + λn1)
]
, (27)
Wz(n2) = P exp
[
−igs
∫ ∞
0
dλv · A(z + λn2)
]
. (28)
Thus the O(αs) wave function depend on n
2 through the scale ξ21 ≡ 4(n1 · p1)2/|n21| and ξ22 ≡
4(n2 · p2)2/|n22|. This scale, which should be regarded as a factorization-scheme dependence, can
be minimized by choosing a fixed n2[43]. In this paper, we will choose the ξ21 = ξ
2
2 = Q
2 to
minimize the scheme dependence.
The explicit expressions for the O(αs) contributions from the effective diagrams displayed in
Fig. 5(a-j) are given as
Φ(1)ρ,a⊗H(0) = Φ(1)ρ,b⊗H(0) = −
αsCF
8pi
(
1
ε
+ ln
4piµ2f
δ1Q2eγE
+ 2
)
H(0) , (29)
Φ(1)ρ,c⊗H(0) = 0 , (30)
Φ
(1)
ρ,d⊗H(0) =
αsCF
4pi
(
1
ε
+ ln
4piµ2f
ξ21e
γE
− ln2 k
2
1T
ξ21
− 2 ln k
2
1T
ξ21
+ 2− pi
2
3
)
H(0) , (31)
Φ(1)ρ,e⊗H(0) =
αsCF
4pi
(
ln2
k21T
x1ξ21
+ pi2
)
H(0) , (32)
Φ
(1)
ρ,f⊗H(0) =
αsCF
4pi
(
1
ε
+ ln
4piµ2f
ξ21e
γE
− ln2 k
2
1T
x21ξ
2
1
− 2 ln k
2
1T
x21ξ
2
1
+ 2− pi
2
3
)
H(0) , (33)
Φ(1)ρ,g⊗H(0) =
αsCF
4pi
(
ln2
k21T
x21ξ
2
1
− pi
2
3
)
H(0) , (34)
Φ
(1)
ρ,h⊗H(0) =
αsCF
2pi
(
1
ε
+ ln
4piµ2f
δ12Q2eγE
)
H(0) , (35)
with the factorization scale µf . We can also see that the double log ln
2 kT disappears ultimately
due to the same reason as in the full amplitudes. We naively consider the reducible Fig. 5(c) as
zero because it also reproduces the result of quark diagram Fig. 4(e) exactly. Their summation
gives
∑
i=a,··· ,h
Φ
(1)
ρ,i ⊗H(0) =
αsCF
4pi
[
3
ε
+ 3 ln
4piµ2f
Q2eγE
+ ln δ1 − 2 ln δ1 + 2 lnx1
+2 ln2 x1 − 2 ln δ1 lnx1 − 2 ln δ12 + 2
]
H(0). (36)
We also calculate the third term of Eq. (8), with the wave function of final state meson is
Eq. (26)
H(0) ⊗Φ(1)ρ =
∫
dx′2d
2
k
′
2T H
(0)(x′1,k
′
1T ;x2,k2T )Φ
v,a, (1)
ρ (x2,k2T ;x
′
2,k
′
2T ). (37)
9The effective Feynman diagrams for the NLO wave function of the final state are similar with
those as shown in Fig. 5, we do not show the details of them for the sake of simplicity, but show
the summed result
∑
i=a,··· ,h
H(0) ⊗ Φ(1)ρ,i =
αsCF
4pi
[
3
ε
+ 3 ln
4piµ2f
Q2eγE
+ ln δ2 − 2 ln δ2 + 2 lnx2
+2 ln2 x2 − 2 ln δ2 lnx2 − 2 ln δ12 + 2
]
H(0). (38)
3. NLO hard correction
The double logarithm ln2 x1 should be absorbed into the jet function, which emerged when the
internal quark is on-shell in the small x1 region[44],
J (1)H(0) = −1
2
αs(µf )CF
4pi
[
ln2 x1 + lnx1 +
pi2
3
]
H(0) . (39)
We obtain the NLO hard kernel in theMS scheme with Eq. (8) ,
H(1)(µ, µf , Q
2)→ H(1) − J (1)H(0) ≡ F (1)ρ,LT23(µ, µf , Q2)H(0)
=
αs(µf )CF
4pi
[
21
4
ln
µ2
Q2
− 6 ln µ
2
f
Q2
+
9
4
lnx1 lnx2 − 21
8
lnx1 − 2 lnx2
−1
2
ln2 x1 − ln2 x2 + 17
4
ln δ12 +
31
8
+
17
48
pi2
]
H(0) . (40)
Then we present the expression of FTL23 (and FLL22) directly, which has the same form with the
rho pion transition form factor ( and pion electromagnetic form factor at leading twist).
F (1)ρ,LT32(µ, µf , Q2)H(0) =
αs(µf )CF
8pi
[
21
2
ln
µ2
Q2
− 8 ln µ
2
f
Q2
+
9
4
lnx1 lnx2 − 3
4
ln2 x1 − ln2 x2
−67
8
lnx1 − 2 ln x2 + 37
8
ln δ12 +
107
8
− pi
2
3
]
H(0) , (41)
F (1)ρ,LL22(µ, µf , Q2)H(0) =
αs(µf )CF
4pi
[
21
4
ln
µ2
Q2
− 6 ln µ
2
f
Q2
+
27
8
lnx1 lnx2 − 13
8
lnx1 +
31
16
lnx2
− ln2 δ12 + 17
4
lnx1 ln δ12 +
23
8
ln δ12 − 17
4
ln2 x1 +
1
2
ln 2 +
53
4
+
5
48
pi2
]
H(0) . (42)
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III. NUMERICAL ANALYSIS
In this section we evaluate the form factors and present the numerical results.
FLL(Q
2) =
32πCF
3
Q2αs(µ)
∫ 1
0
dx1dx2
∫ ∞
0
b1db1b2db2 · exp[−Sρ(xi; bi;Q;µ)]
×
{[
x1 − 1
2
γ2ρ(1 + x1)
]
φρ(x1)φρ(x2)[1 + F (1)LL(µ, µf , Q2)] + γ2ρφtρ(x1)φsρ(x2)
+2γ2ρ(1− x1)φsρ(x1)φsρ(x2)
}
· h(x2, x1, b2, b1), (43)
FLT(Q
2) =
32πCF
3
QMραs(µ)
∫ 1
0
dx1dx2
∫ ∞
0
b1db1b2db2 · exp[−Sρ(xi; bi;Q;µ)]
×
{1
2
φρ(x1)
[
φvρ(x2) + φ
a
ρ(x2)
]
[1 + F (1)LT23(µ, µf , Q2)]
+φTρ (x1)φ
s
ρ(x2)[1 + F (1)LT32(µ, µf , Q2)]
−1
2
x1φρ(x1)
[
φvρ(x2) + φ
a
ρ(x2)
]} · h(x2, x1, b2, b1), (44)
FTT(Q
2) =
32πCF
3
M2ραs(µ)
∫ 1
0
dx1dx2
∫ ∞
0
b1db1b2db2 · exp[−Sρ(xi; bi;Q;µ)]
×
{
(1− x1)
[
φaρ(x1)φ
a
ρ(x2)− φvρ(x1)φvρ(x2)
]
+(1 + x1)
[
φaρ(x1)φ
v
ρ(x2)− φvρ(x1)φaρ(x2)
]} · h(x2, x1, b2, b1), (45)
where the expressions for the the Sudakov factor Sρ(xi; bi;Q;µ) and the hard function h(x2, x1, b2, b1)
can be found in Ref. [9]. The NLO correction of FTT (Q
2) is the result of both the initial and final
states taking the twist-3 meson distribution amplitudes, whose power-law behavior is the same
as the one combining twist-2 with twist-4 meson distribution amplitudes [46]. So we neglect the
FTT (Q
2) term in this paper. The light cone distribution amplitudes (LCDAs) are taken up to n = 2
in the Gegenbauer expansion of the rho meson as given in Ref. [45],
φρ(x) =
3fρ√
6
x(1− x)[1 + a‖2ρC3/22 (t)],
φTρ (x) =
3fTρ√
6
x(1− x)[1 + a⊥2ρC3/22 (t)],
φvρ(x) =
fρ
2
√
6
[0.75(1 + t2) + 0.24(3t2 − 1) + 0.12(3− 30t2 + 35t4)],
φaρ(x) =
4fρ
4
√
6
(1− 2x)[1 + 0.93(10x2 − 10x+ 1)];
φtρ(x) =
fTρ
2
√
6
[
3t2 + 0.3t2(5t2 − 3) + 0.21(3− 30t2 + 35t4)] ,
φsρ(x) =
3fTρ
2
√
6
(1− 2x) [1 + 0.76 (10x2 − 10x+ 1)] , (46)
where t = 2x − 1, the Gegenbauer moments a⊥2,ρ = 0.14, a‖2,ρ = 0.17, and the decay constants
fρ = 0.216, f
T
ρ = 0.160[47]. The Gegenbauer polynomials in Eq. (46) is C
3/2
2 (t) = 3/2[5t
2 − 1].
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Here, the renormalization and factorization scales are set to the hard scale t which defined in the
PQCD approach to exclusive processes on the kT factorization theorem,
µ = µf = t = max(
√
x1Q,
√
x2Q, 1/b1, 1/b2). (47)
We calculate the LO contributions and NLO contributions in Eqs. (43,44), and show the theo-
retical prediction in Fig. 6(a): (1) the red dashed curve denotes the LO contribution of FLL(Q
2),
while the red solid curve shows the summation of the LO and NLO contribution; (2) the blue
dotted ( dot-dashed ) curve denotes the LO contribution ( the summation of the LO and NLO
ones ) of FLT,TL(Q
2); and (3) finally the green dot-dot-dashed curve shows the LO contribution of
FTT (Q
2). We also give the ratio of the NLO contribution over the LO contribution to the FLL(Q
2)
and FLT/TL(Q
2) in Fig. 6(b), where the solid line denotes the ratio of the NLO contribution over
the LO contribution to the FLL(Q
2), and FLT/TL(Q
2).
One can see that the PQCD predictions vary quickly in the region of Q2 < 2GeV 2, which tell
us that the perturbation theory may not be reliable in such region. For FLL(Q
2) the NLO part is
around 20% of the LO one when Q2 > 2GeV 2. For FLT/TL(Q
2), the NLO contribution is around
30% of the LO contribution in the region of Q2 > 3GeV 2.
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FIG. 6. (a) The PQCD predictions for Q2 dependence of the ρ-meson form factors Fj(Q
2)(j =
LL,LT/TL, TT ) with different polarizations. (b) The ratio of the NLO contribution over the LO one
for the ρ form factors.
The results for ρmeson electric F1(Q
2), magnetic F2(Q
2) and quadrupole F3(Q
2) form factors
including NLO corrections are shown in Fig. 7, Fig. 8 and Fig. 9 (solid line denotes LO contri-
bution and curve with long dashes is the sum of LO and NLO contribution). Apparently at small
Q2, our numerical result is not stable. But the value of our prediction is gradually level off at Q2
greater than 4GeV 2. The asymptotic behavior of ρ meson form factors, which derived from quark
counting and chirality conservation, are F1(Q
2) ∼ F2(Q2) ∼ 1/Q4 and F3(Q2) ∼ 1/Q6. Obvi-
ously it can be checked that our numerical result with radiative corrections satisfy this behavior at
large Q2.
The ρ meson form factors have been calculated in the frameworks of different approaches,
such as the three-point QCD sum rules, the light cone sum rules, the Light-front quark-model, the
12
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FIG. 7. (color online). The PQCD predictions for Q2 dependence of electric form factor F1.
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FIG. 8. (color online). The PQCD predictions for Q2 dependence of magnetic form factor F2 .
lattice QCD, and our PQCD approach. In Table I, we present the values of the electric, magnetic
and quadruple form factors predicted by different approaches at different values of Q2. At small
Q2, where the lattice calculation is applicable, our PQCD does not work. So we only selected
three values of Q2, Q2 = 3, 4, 5, at intermediate momentum transfer for QCD sum rules and large
for our PQCD. We found that our results for electric form factor F1 practically identify with the
prediction with three-point QCD sum rule and light cone QCD sum rule. Then our prediction for
magnetic form factor F2 is 2 times larger than QCD sum rules atQ
2 = 3, while close to light-front
quark-model. But our values are getting closer to the one from QCD sum rules with the increase
ofQ2, at Q2 = 3, 4. The value of quadruple form factors F3 are much larger than the one for other
approaches, which deserve our further consideration. Unfortunately, the PQCD does not work
properly at small Q2 region, we therefore can not determine magnetic moment of ρ meson in the
low-Q2 region where both the lattice calculation and the light-front quark model can work well.
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FIG. 9. (color online). The PQCD predictions for Q2 dependence of quadrupole form factor F3.
TABLE I. The comparisons of our predictions with those from other different approaches for the ρ meson
form factors at different values ofQ2. (Note that value atQ2 = 4, 5 for light-front quark-model andQ2 = 5
for three-point QCD sum rules are not given.)
Q2(GeV2) 3 4 5
Form factors F1 F2 F3 F1 F2 F3 F1 F2 F3
Light-front quark-model 0.08 0.41 -0.10 / / / / / /
Three-point QCD sum rules 0.07 0.15 0.009 0.05 0.10 0.001 / / /
Light cone QCD sum rules 0.08 0.17 -0.15 0.06 0.16 -0.12 0.04 0.12 -0.10
PQCD 0.07 0.30 0.20 0.05 0.20 0.12 0.03 0.15 0.09
IV. CONCLUSION
In this paper we studied the ργ∗ → ρ transition process and calculated the next-to-leading-
order corrections to the ρ meson electromagnetic form factors in the framework of the PQCD
factorization approach. We firstly derive the infrared-finite NLO hard kernel for ρ meson elec-
tromagnetic form factors by taking the difference of the quark diagrams and the effective dia-
grams for the pion wave function, and then calculate the NLO corrections to the form factors
Fi(Q
2)(i = LL, LT, TL), and present the expressions of the electric F1(Q
2), the magnetic F2(Q
2)
and the quadruple F3(Q
2) form factors of ρ meson in the hard scale. We found that the NLO cor-
rections to FLT,TL are around 30% of the LO contribution in the region Q
2 > 2GeV 2, where the
PQCD approach is applicable. The NLO correction to FLL(Q
2) is around 20% of the LO one
in the region Q2 > 3GeV 2. The NLO radiative corrections to the electric, the magnetic, and
the quadruple form factors Fj(Q
2)(j = 1, 2, 3) are sizeable in magnitude, and do agree with the
results from the QCD sum rules.
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